Rat liver mitochondria became permeabilized to sucrose according to an apparent first-order process after accumulating 35 nmol of Ca2+/mg of protein in the presence of 2.5 mM-Pi, but not in its absence. A fraction (24-32%) of the internal space remains sucrose-inaccessible. The rate constant for permeabilization to sucrose decreases slightly when the pH is decreased from 7.5 to 6.5, whereas the rate of inner-membrane potential (Afi) dissipation is markedly increased, which indicates that H+ (1982) and Crompton (1985) ]. These effects are promoted by Pi (Wolkowicz & McMillin-Wood, 1980; Beatrice et al., 1980) and a number of other agents including phosphoenolpyruvate (Chudapongse, 1976) , atractylate (Asimakis & Sordahl, 1977) , oxaloacetate and acetoacetate (Fiskum & Lehninger, 1979) and organic hydroperoxides (Lotscher et al., 1980a (Beatrice et al., 1984) .
INTRODUCTION
It is well known that the excessive accumulation of Ca2+ by liver mitochondria (> 50 nmol of Ca2+/mg of protein) is deleterious, leading to dissipation of AtR and losses of intramitochondrial Mg2+, K+, adenine nucleotides and preaccumulated Ca2+ [for reviews, see Nicholls & Akerman (1982) and Crompton (1985) ]. These effects are promoted by Pi (Wolkowicz & McMillin-Wood, 1980; Beatrice et al., 1980) and a number of other agents including phosphoenolpyruvate (Chudapongse, 1976) , atractylate (Asimakis & Sordahl, 1977) , oxaloacetate and acetoacetate (Fiskum & Lehninger, 1979) and organic hydroperoxides (Lotscher et al., 1980a) . Conversely, other substances protect against the Ca2+-induced destabilization, e.g. ADP and ATP, Mg2+, -oligomycin and ,B-hydroxybutyrate. The opposing actions of oxaloacetate or acetoacetate and ,J-hydroxybutyrate are explicable by a need for reduced nicotinamide nucleotides for maintenance of AR in the presence of high matrix Ca2+ (Nicholls & Brand, 1980) , which in turn may reflect a requirement for GSH (Beatrice et al., 1984) .
There is abundant evidence therefore that excessive matrix Ca2+, particularly in the presence of promoters, induces permeability of the inner membrane to H+ and small molecules. Studies of this phenomenon are important for two reasons. Firstly, if permeabilization occurred in a reversible manner, then the phenomenon may provide a means of preparing mitochondria with a matrix space of defined solute composition, of great practical utility in transport studies. In contrast with permeabilization, the question of whether permeabilized mitochondria may be 'resealed' has received scant attention (see the Discussion section). Secondly, there is gathering evidence that excess Ca2+ accumulation by a variety of cell types, occurring, for example, during post-ischaemic reoxygenation, severely interrupts mitochondria energy transduction (for a review, see Trump & Berezesky, 1985) ; the consequent impairment of ATP production in turn may compromise active Ca2+ expulsion from the cell, so that the condition becomes irreversible, leading to cell death. There is a clear need, therefore, to identify and characterize the mitochondrial lesion arising under such pathological conditions.
The present study investigates Ca2+-induced permeabilization of rat liver mitochondria and, in particular, whether permeabilized mitochondria may be resealed. The study reveals novel aspects of the mechanism of permeabilization in addition to establishing an entrapment procedure of potential utility. METHODS chondria were suspended finally in a medium containing 210 mM-mannitol, 70 mM-sucrose and 10 mM-Tris/HCl, pH 7.4. Mitochondrial protein was determined by a modified biuret procedure (Kroger & Klingenberg, 1966) . In some experiments (Table 1 below) mitochondria were isolated in the same manner from perfused rat liver. The livers were perfused for 20 min with Krebs-Henseleit bicarbonate buffer containing 10 mM-Tris/lactate as described previously (Goldstone et al., 1983) . Unless otherwise stated, the mitochondria used were from non-perfused livers.
Mitochondrial incubation conditions (a) Standard reaction conditions. Mitochondria (1-10 mg of protein/ml) were preincubated for 5 min at 25°C in standard medium containing 120 mM-KCl, 10 mM-Tris/Hepes, 2.5 mm-phosphate (potassium salt) and rotenone (1 #sg/mg of protein); the final pH was 7.0 unless otherwise stated. Under standard permeabilization conditions, 3 mM-succinate (potassium salt) was added and, 1 min later, sufficient CaCl2 was introduced to give a total (added plus endogenous) of 35 nmol of Ca2+/mg of protein. The mitochondria were subsequently 'resealed' (see Figs. 3, 4, [6] [7] [8] Table 1 below) by addition of either 2 mM-EGTA or Ca2+ buffers (below) 7-9 min after CaCl2. Crompton & Heid, 1978) .
In the experiments of Figs. 3(b) and 4 below, the incubation mixture was diluted up to 40-fold with standard medium (as described above, minus rotenone) before centrifugation. In some of the experiments of Table 1 (designated 'washed') mitochondria, containing 90-100 mg of protein, were preincubated, permeabilized and 'resealed' in 10 ml of standard medium. At 3 min after the addition of EGTA, the mitochondria were diluted with 80 ml of medium containing 210 mmmannitol, 70 mM-sucrose and 10 mM-Tris/HCl, pH 7.4. The mitochondria were sedimented and the pellet was washed twice, each time by resuspension in 90 ml of the same medium followed by resedimentation, according to the standard mitochondrial preparation procedure. In the experiments of Figs. 1 and 8, where centrifugation in the Eppendorf bench centrifuge was used to stop the progress of the reaction, it was necessary to know the effective time after beginning centrifugation that the mitochondria were sedimented. Measurements were made of the fraction of mitochondria unsedimented [assayed by succinate dehydrogenase activity (Ackrell et al., 1978) ] and centrifugation time, and the relationship was represented graphically. The area below this curve, together with the measured time-dependencies of acceleration and deceleration, indicated that the reactions were effectively stopped 14 s after centrifugation was begun.
(c) Atv measurements. Inner-membrane potentials were estimated routinely from the accumulation of TPP+, which was measured with an electrode constructed as described by Kamo et al. (1979) ; the 90% response time was < 1 s. TPP+ at 10 /M was added to the incubation media as indicated in the legends. Aik was calculated from the Nernst relation modified as described by Rottenberg (1984) to take account of TPP+ binding to the inner and outer faces of the inner membrane. In those experiments including Ruthenium Red, which could only be removed completely between experiments with acid washes (which caused electrode drift), A# was monitored spectrophotometrically with 10 ,sM-safranine as described by Akerman & Wikstrom (1976 
Protein analysis
Mitochondria -(5 mg of protein/ml) were incubated under standard conditions (above) with 3 mM-succinate and 175 ,sM-Ca2+ (total); 2 mM-EGTA was added 8 min after CaCl2. Samples (1 ml) of the incubation mixture were withdrawn immediately before the addition of succinate and 3 min after the addition of EGTA, and centrifuged for 4 min in an Eppendorf bench centrifuge. The proteins of the supernatant fluids obtained were analysed by SDS/polyacrylamide-gel electrophoresis as described by Weber & Osborn (1969) with 300 ,g of protein/tube and 5 mA/tube for 7 h. The gels were stained with Coomassie Brilliant Blue (Chrombach et al., 1967) 
RESULTS

Mitochondrial permeabilization
In the present study, permeability to low-Mr solutes was judged from the permeability to sucrose. Permeabilization under standard conditions is assessed in Fig. 1 Table 1 . Permeabilization of mitochondria and the entrapment and retention of sucrose by resealed mitochondria under different experimental conditions
Mitochondria were prepared in the standard manner (S) except in Expts. 7 and 8, where they were isolated from perfused liver (P). Sucrose-inaccessible spaces were measured as in Fig. 1 ; the residual space is that remaining after 8 min permeabilization.
[14C]sucrose entrapment in 'unwashed' resealed mitochondria was measured as in Fig. 4 release (Fig. 2) . The rate of TPP+ loss was progressively diminished (about 4.4-fold) by increase in pH over the range 6.5-7.5, whereas kperm. was increased to a small extent (1.3-fold).
Other investigators have suggested that Ca2+ cycling dissipates AiV significantly (Lotscher et al., 1980a) . However, this is not supported by the fact that Ruthenium Red, which blocks Ca2+ uptake, has little effect on TPP+ distribution and that AiR may be essentially fully restored immediately after Ca2+ uptake (Fig. 2c) .
Reversal of permeabilization; sucrose entrapment in the matrix space
In the above experiments it has been assumed that the Ca2+-induced decrease in sucrose-inaccessible space reflects an increase in sucrose permeability rather than mere shrinkage of the matrix compartment. This assumption was tested in the study reported in Fig. 3 . Mitochondria were treated in the standard manner and EGTA was added at 8 min, when the supposed permeabilization was complete (Fig. 3a) . EGTA restored AR and, presumably, low H+ permeability, completely. It is evident that repolarization by EGTA occurs in two phases: an initial rapid partial repolarization followed by a slower phase (see the Discussion section).
If the phase from 5 to 8 min genuinely involves high permeability to sucrose, then [14C]sucrose added during this phase would be entrapped in the matrix after the addition of EGTA. Possible complications arising from external binding of sucrose (to the outer membrane and the outer surface of the inner membrane) were allowed for by introducing [3H]sucrose 2 min after EGTA. The samples were then diluted, centrifuged, and the difference between the pellet contents of [14C]sucrose and [3H]sucrose were calculated. process, decreased subsequent sucrose retention (Table 1, Expt. 2). Retention of mitochondrial protein and oxidative phosphorylation capacity during permeabilization and resealing Experiments were carried out to determine whether permeabilization and resealing caused any loss of mitochondrial protein. As reported in Fig. 5 , the protein not sedimented after permeabilization and resealing did not differ significantly from that not sedimented before permeabilization; about 10.5% of total protein was not sedimented in both cases (see the legend). Moreover, SDS/polyacrylamide-gel-electrophoretic analysis did not expose any obvious selective loss of any mitochondrial protein. Since osmotic lysis did release considerable protein (see the legend), it may be concluded that negligible osmotic breakage occurs during permeabilization.
In addition, mitochondria permeabilized and resealed in the presence of NAD, but not in its absence, exhibited coupled respiration with glutamate plus malate as substrate ( Table 2 ) which approached that of intact mitochondria. ADP stimulation of respiration was abolished with oligomycin. This indicates that glutamate dehydrogenase and malate dehydrogenase remain active in permeabilized and resealed mitochondria, that NAD is lost during permeabilization but may be reincorporated during resealing and that permeabilized and resealed mitochondria are capable of oxidative phosphorylation.
Since resealing in the absence of NAD led to a 95% loss of respiratory capacity, the results also suggest that the residual space (Table 1) was non-mitochondrial. Time courses of sucrose entry and the resealing of permeabilized mitochondria
It was particularly important to clarify, firstly, the rate at which sucrose, for example, enters permeabilized mitochondria and, secondly, the time period required for complete resealing. Fig. 6(b (Fig. 6c) reveals that resealing is a biphasic process with an initial rapid phase that is complete within 1 s (rate constant, k' > 25 min-) and a much slower subsequent phase (kr = 2.0 min-1).
The rate at which sucrose enters permeabilized mitochondria was investigated as reported in Fig. 6(a) The biphasic time course of 'resealing' (Fig. 6b ) may be interpreted in terms of two mitochondrial fractions: one that reseals rapidly and another more slowly. According to this interpretation, the data of Fig. 6(a) indicate that sucrose entry into the rapidly resealing Ca2+-induced permeabilization of mitochondria Fig. 3a ). (Fig. 7b) during the time that AV is maintained constant (Fig. 7a) Fig. 8(a) The experiments of (a) were carried out as in Fig. 7(b Fig. 8a ) and the relation derived is given in Fig. 8(b) . This relation is linear over the range 0-10 SM free Ca2+ and is far from saturation at 24/M free Ca2+. Ca2+ at 24 /Mm increased the value of kp about 40-fold.
DISCUSSION
The present study provides firm evidence that permeabilizaiton to sucrose is in fact reversible, and fully corroborates the conclusion drawn much earlier by Hunter et al. (1976) from studies with heart mitochondria, the implications of which have been poorly appreciated. The latter work employed changes in the total (3H20 minus [14C]sucrose) space of mitochondrial pellets as an index of permeabilization. In the present study, the problem was approached in two parts. Firstly, permeabilization conditions were obtained under which the mitochondria were indeed freely permeable to sucrose, at least as judged by the fact that sucrose entry was complete within the time resolution of the technique employed (Fig. 6a) (Lotscher et al., 1980b) , this observation is ambiguous, since AV is not a reliable index of permeability to species other than H+ ( Figs. 1 and 2) . Broekemeier et al. (1985) have suggested that an H+-specificpermeabilityincrease precedes the non-specific permeability increase, and our data are consistent with that.
The present data indicate that the rate ofmitochondrial permeabilization is directly proportional to the fraction unpermeabilized at any time (Fig. 1) . This that the non-synchronous permeabilization of liver mitochondria reflected heterogeneity ofthe mitochondrial population, so that mitochondria with the lowest stability were permeabilized first, followed by permeabilization of the next stability range, and so on. Although mitochondria once permeabilized may not respond homogeneously, as discussed below, it seems unnecessary to apply this concept to mitochondria as isolated.
A notable feature of the present work was that sucrose-permeabilized mitochondria were resealed throughout merely by removing free Ca2 . It seems to us that this carries certain implications for the mechanisms of permeabilization and resealing. There is irrefutable evidence that Ca2+-induced permeabilization, at least to H+, is associated with Ca2+-induced activation of phospholipase A2, and it has been proposed that this is a key event in the process (Pfeiffer et al., 1979; Beatrice et al., 1980 Beatrice et al., , 1984 . Although phospholipid hydrolysis may indeed be necessary, it follows that, if phospholipid hydrolysis were linked directly to sucrose permeability as suggested (Broekemeier et al., 1985) , then reacylation of phospholipids would be necessary for the restoration of sucrose-impermeability. Yet our own data demonstrate resealing under conditions in which (it seems reasonable to assume) essential cofactors for reacylation (ATP, CoA) would be released from the matrix space and available only at extremely low concentrations: perhaps one-thousandth of normal, since we have not detected any decrease in resealing efficiency when mitochondrial protein was decreased from 10 mg/ml to 1 mg/ml. This point is most evident with the rapidly resealing fraction, which is freely permeable to sucrose (entry within 1 s) and yet reseals within 1 s. Thus although phospholipid hydrolysis may be a prerequisite for sucrose permeabilization, perhaps in a 'priming' capacity, sucrose permeation per se may reflect a more direct action of Ca2+, conceivably via a Ca2+-activated pore.
The utility of the phenomenon for the matrix entrapment of substances of interest has been assessed from a number of aspects. Although the simplest conceivable model of permeabilization and resealing (see the Results section) is consistent with much of the data reported here, it is inadequate in other respects. According to this model, the ordinate intercepts in Fig. 8(a) would represent the instantaneously impermeable fraction. The consistency of the model can thus be cross-checked by comparing the values derived from the intercepts with the values calculated from the measured rate constants (instantaneously impermeable fraction = instantaneously permeable fractions x kr/kp). Experiments with three different mitochondrial preparations yielded a measured (intercepts) mean instantaneously impermeable fraction (+S.E.M.) of 0.73 + 0.03 at 24 /SM free Ca2+ (letting the measured instantaneously impermeable fraction with 1.7 JtM free Ca2+ equal 1). The measured value of kp± S.E.M. was 0.46 + 0.06 in the same experiments. If the value of kr is taken to be 2 (from the slowly resealing fraction, Fig. 6c ), then the calculated instantaneously impermeable fraction (as a fraction of the total) becomes 0.81, in fair agreement with that measured. The model therefore is reasonably consistent so far.
An instantaneously impermeable fraction of 0.9 with 10.5 /sM-Ca2+ may be calculated in the same way (using the kp value from the continuous line of Fig. 8a) ; the intercept, however, indicates a value not significantly different from 1. The same inconsistency is apparent during repolarization (Fig. 7) Ca2+-induced permeabilization of mitochondria 29 reasonable to correlate the initial rapid repolarization with the rapidly resealing fraction (Figs. 6b and 6c) , which comprised 0.3 of the total.
The simple model, therefore, is inadequate in that it fails to account for the rapidly resealing fraction, the rapidly repolarizing fraction and the absence of an instantaneously permeable fraction at 10.5 ,M-Ca2+, all of which, in principle, may be common. Moreover, the rapidly repolarizing fraction and the instantaneously permeable fraction displayed an acute sensitivity to [Ca2+] over the range 10-24 zM that cannot be related to kp, which has a linear dependence on [Ca2+] over this range, and which was derived for the slowly permeabilizing fraction. Accordingly it seems necessary to postulate two distinct actions of Ca2+: one that activates a relatively slow process in a linear manner (up to 24,sM-Ca2+) and another that controls a more rapid event in a much more sensitive manner such that this event is minimal (or nearly so) at 10 ,uM-Ca2+ and maximal (or nearly so) at 24 /sM-Ca2+. As 
